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Magnetization transfer ratio and volumetric
analysis of the brain in macrocephalic patients
with neurofibromatosis type 1

Abstract The purpose of the study
was to evaluate brain myelination by
measuring the magnetization transfer
ratio (MTR) and to measure grey
(GMYV) and white matter volume
(WMV) in macrocephalic children
with neurofibromatosis type 1 (NF1).
Seven NF1 patients (aged 0.65—
16.67 years) and seven age- and
gender-matched controls were stud-
ied. A three-dimensional (3D) gradi-
ent echo sequence with and without
magnetization transfer (MT) prepulse
was used for MTR assessment. Vol-
ume measurements of GM and WM
were performed by applying segmen-
tation techniques on T2-weighted
turbo spin echo images (T2WI). MTR
of unidentified bright objects (UBOs)
on T2WI in cerebellar white matter
(52.843.3), cerebral peduncles (48.5+
1.5), hippocampus (52.6+1.1), internal
capsule (55.7+0.3), globus pallidus
(52.743.9), and periventricular white
matter (52.6£1.2) was lower than in
the corresponding areas of controls

(64.6+2.5, 60.8+1.3, 56.4+0.9, 64.7+
1.9, 59.242.3, 63.6+1.7, respectively;
p<0.05). MTR of normal-appearing
brain tissue in patients was not
significantly different than in controls.
Surface area (mm?) of the corpus
callosum (809.1+62.8), GMV (cm®)
(850.7£42.9), and white matter vol-
ume (WMV) (cm?) (785.1+85.2) were
greater in patients than in controls
(652.5+52.6 mm?, 611.2492.1 em’,
622.5+108.7 cm?, respectively;
p<0.05). To conclude, macrocephaly
in NF1 patients is related to increased
GMYV and WMV and corpus callosum
enlargement. MTR of UBOs is lower
than that of normal brain tissue.

Keywords Magnetization transfer
ratio - Grey matter volume - White
matter volume - Neurofibromatosis
type 1 - Corpus callosum

Introduction

Neurofibromatosis type 1 (NF1) is an autosomal dominant
disorder characterized by prominent cutaneous manifesta-
tions and central nervous system (CNS) lesions [1].
Hyperintense signal alterations on T2-weighted images,
called unidentified bright objects (UBOs), are the hallmark
of the disease in the brain [2, 3]. Although the nature and
significance of the UBOs remains obscure, there is
evidence that these lesions are part of a more diffuse
brain disorder [3, 4]. Indeed, in some studies, higher

numbers of UBOs have been reported in NF1 patients with
macrocephaly and learning disabilities [5, 6]. Magnetic
resonance imaging (MRI) using quantitative morphometric
analysis revealed increased size of the corpus callosum
(CC) and greater grey matter volume (GMV) [5]. Never-
theless, other studies have demonstrated an enlargement in
white matter volume (WMV) [7, 8].

MR spectroscopy, which provides information on neu-
ronal/axonal viability, cellular membrane integrity, and
cellular energetics, has been used for the evaluation of
patients with NF1 and demonstrated abnormalities in brain



metabolites, such as increases in choline and decreases in
N-acetyl aspartate [9]. Diffusion-weighted imaging (DWI),
which detects changes of random motion of water
molecules and provides information about tissue micro-
scopic barriers, has been used for the evaluation of UBOs
and normal-appearing (NA) brain tissue [4, 10, 11].
Although increased apparent diffusion coefficient (ADC)
values have been found in UBOs, there is disagreement
regarding ADC values of the NA thalamus and globus
pallidus [4, 10, 11].

A technique that can shed further light on NF1 pathology
is magnetization transfer (MT) imaging. MT is based on
interactions between macromolecular and free water protons
of tissue [12]. For MT imaging, an on-resonance or off-
resonance radiofrequency prepulse is applied before a spin
echo or gradient echo sequence to saturate preferentially the
restricted protons [12, 13]. While the restricted macromo-
lecular protons are held in a state of saturation, the
equilibrium longitudinal magnetization of the free water
protons decreases exponentially to a lower value with a new
lower time constant (T1sat) [12, 13]. Efficacy of the MT
phenomenon is evaluated by measuring the magnetization
transfer ratio (MTR) [12, 13]. MTR is determined by field
strength and scanning parameters but principally by
concentration of macromolecules and efficacy of interaction
between the bound and free pools of protons 13]. MTR has
never been used for evaluation of NF1.

In the present study, we sought to determine whether
MTR values of UBOs and NA brain tissue in NF1 patients
differ from said values in healthy controls. Furthermore,
intracranial brain volume, GMV, WMV, and area of the CC
were calculated using morphometric analysis of MR
images and subsequently compared with corresponding
variables in healthy controls.

Materials and methods

Brain MR examinations of seven children (three girls, four
boys; mean age 11.1 years, range 0.65-16.67 years) with
NF1 as defined by clinical diagnostic criteria outlined by
the National Institutes of Health [1] were retrospectively
evaluated and compared with those of seven age- and
gender-matched healthy controls. Control subjects were
screened for either headache or suspicion of meningoen-
cephalitis and had normal brain MRI. Fronto-occipital
circumference assessed systematically before MRI was
within normal for age values in controls while all NF1
patients were found to be macrocephalic (fronto-occipital
circumference greater than +2SD compared with normal
for age values) [14].

All MR examinations were performed on the same 1.5-T
MR unit (Gyroscan ACS NT; Philips Medical Systems,
Best, The Netherlands) using a head coil, field of view of
24 cm, and 256x256 acquisition matrix. Sequences were:
axial T2-weighted turbo spin echo (TR/TE 3500/90; slice

thickness 5 mm; intersection gap 0 mm); coronal T2-
weighted turbo spin echo (TR/TE 3500/90; slice thickness
2.5 mm; intersection gap 0 mm); sagittal plain T1-weighted
spin echo (TR/TE 650 /17 ms; slice thickness 4 mm;
intersection gap 0.4 mm); and contrast-enhanced axial,
coronal, and sagittal TI-weighted spin echo. Area
measurement of the CC was performed in a midline
sagittal scan of the plain T1-weighted sequence. As a strict
midline sagittal plane was considered an image depicting
simultaneously the CC, anterior and posterior lobes, the
stalk of the pituitary gland, and the aqueduct of Sylvius.
CC was discriminated from the surrounding tissues by its
characteristic morphology and higher signal. Measurement
was obtained using the cursor of the machine by frechand
outline of the CC. Axial T2-weighted sequence was used
for intracranial brain tissue (IBT), WMV, GMYV, and
cerebrospinal fluid volume (CSFV) measurements. This
sequence was chosen because it covered the entire
intracranial volume, and the slices were contiguous.
Moreover, this sequence provided a good GM-WM
contrast of the myelinated brain in the six patients and
controls older than 5 years. In the two infants (one patient
and one control aged 0.65 years), the contrast between grey
matter and the largely unmyelinated, at this age, WM was
also satisfactory. Segmentation was performed with a
home-made software package developed by one author
(KB) of the IPAN group http://www.cs.uoi.gr/~ipan who is
specialized in image processing, analysis, and modelling.
The following steps were executed for each patient’s study:

1. Image data (in DICOM format) were accessed and
read.

2. An operator (PNM) outlined intracranial structures,
and a (binary) mask was created in order to separate
background and bone from the useful information of
the image.

3. The resulting T2-weighted images were segmented
automatically in order to group together image pixels
based only on their intensity values. Clustering based
only on intensity values was used for this image
segmentation task [15]. More specifically, the k-means
algorithm was used [16]. This algorithm iterates
between adjusting the cluster centers in order to
minimize the distance from each data point to its
nearest center and labels the data points based on their
closest centers. One issue that needs to be addressed is
the number of clusters that will be used. We observed
that the number of clusters that best captured the spatial
distribution of WM), GM, and CSF was five. This is
explained because the spatial distribution of WM and
GM is best captured if two clusters are used for each.
Therefore, we applied the k-means algorithm using as
data points the pixels obtained from the masked images
using k=5 for the number of clusters. After finishing
with clustering, we merged the two clusters with the
smallest intensities to form the WM cluster and the two
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clusters with intermediate intensities to form the GM
cluster. The remaining cluster with the highest level of
pixel intensity values represented CSF.

4. After finishing the clustering process, WMV, GMV,
and CSFV measurements were obtained by multi-
plying the total number of pixels of the corresponding
WM, GM, and CSF clusters, respectively, with pixel
size and slice thickness. IBT was calculated by adding
WMV and GMV.

To study the MT phenomenon, a three-dimensional (3D)
gradient echo sequence (TR/TE 32/8, flip angle 6°) was
performed, and 4-mm/2-mm overlapping sections were
concurrently obtained both with and without the applica-
tion of MT binomial prepulse applied on-resonance.
Images of this sequence obtained before application of
MT prepulse had proton-density contrast due to the short
TE and small flip angle (Fig. la). The MT sequence
performed in the axial plane (perpendicular to the
intercommisural line, i.e., the anterior commissure to
posterior commissure line, or AC-PC line) was part of
our standard protocol. Images obtained after application of
the MT prepulse depict structures of high MTR with low
signal intensity and those of low MTR with higher intensity
(Fig. 1b). The duration of a complete MR examination
ranged from 15 to 25 min. MTRs were calculated from
circular regions of interest (ROIs), with a minimum size of
0.5 mm”. In all cases, UBOs observed on T2-weighted
images were also detectable in proton density images of the
MT sequence; therefore, ROIs were positioned at an image
without MT and copy—pasted to the corresponding image
with MT. Signal intensity measurements were performed
bilaterally in the following regions: cortex and WM of the
frontal and occipital lobe, caudate nucleus, putamen,
globus pallidus, thalamus, optic chiasm, internal capsule,
genu and splenium of the CC, hippocampus, cerebral
peduncles, and cerebellar WM. Care was taken to avoid the
partial volume effect of CSF when defining ROIs. MTR

Fig. 1 A 14-year-old boy with
lesions in the right and left
globus pallidus (arrows) a Axial
proton-density magnetic reso-
nance (MR) image before ap-
plication of the magnetization
transfer (MT) prepulse. b After
application of MT prepulse

was calculated as: (SIy-SI,,)/SIHx100% where Sl is the
signal intensity from the image acquired without a MT pre-
pulse and SI,, refers to signal intensity from an image
acquired with MT prepulse.

Statistical analysis

Data analysis was carried out using SPSS base 13 for
Windows. Normality of the distribution of parameters was
assessed by the Kolmogorov-Smirnov test. Unpaired two-
tailed Student’s 7 test was used to study differences between
patients and controls. A p value <0.05 was considered
significant.

Results

UBOs in T2-weighted images lacking mass effect and
enhancement after contrast infusion, compatible with
“hamartomas,” were observed in the globus pallidus (6/7
patients), cerebral peduncles (3/7), periventricular WM
(2/7), internal capsule (2/7), cerebellar WM (2/7), and
hippocampus (1/7). Optic chiasm glioma appearing
hyperintense in T2-weighted images and heterogeneously
enhancing after contrast administration was observed in
one patient. There was no significant difference in MTR
values of normal-appearing GM and WM structures
between patients and controls (Table 1). MTR of optic
chiasm glioma (56.6) was lower compared with MTR of
normal WM in controls (63.6+1.7). MTR values of UBOs
in the different anatomic locations were significantly lower
compared with MTRs of the corresponding normal-
appearing anatomic regions in patients and controls
(Table 1). The area of CC, WMV, GMYV, and IBT were
significantly larger in patients compared with controls
(Table 2). There was no significant difference in CSFV
between patients and controls (Table 2).




Table 1 Comparison of magnetization transfer ratio (MTR) (means+
SD) of normal-appearing regions (NA) and unidentified bright
objects (UBOs) in neurofibromatosis type 1 (NF1) patients with MTR
of corresponding regions in controls

Patients Controls  p value
Frontal white matter
NA 63.1£54  64.845.1 NS
Occipital white matter
NA 63.0£5.5 645422 NS
Frontal grey matter
NA 57.4+43  57.3£24 NS
Occipital grey matter
NA 56.546.2  57.5429 NS
Caudate nucleus
NA 56.6£3.0  56.5t1.7 NS
Putamen
NA 56.544.2  57.2+1.8 NS
Thalamus
NA 57.9+2.1 59.243.2 NS
Genu corpus callosum
NA 64.1£59  65.6£3.7 NS
Splenium corpus callosum
NA 67.9£5.6  66.9+3.7 NS
Optic chiasm
NA 62.5£3.3  63.0£43.9 NS
Optic glioma® 56.6* 63.0£3.9
Periventricular white matter
NA 62.9+42  63.6t1.7 NS
UBOs 52.6£1.2  63.6x1.7 <0.01
Globus pallidus
NA 58.9+1.9 592423 NS
UBOs 52.743.9  59.242.3 <0.01
Internal capsule
NA 62.9+43  64.7£1.9 NS
UBOs 55.740.3  64.7£1.9 <0.01
Hippocampus
NA 56.0£1.0  56.4+09 NS
UBOs 52.6+1.1 56.4+0.9  <0.05
Cerebral peduncles
NA 60.6£1.0  60.8+1.3 NS
UBOs 48.5+1.5  60.8+1.3 <0.01
Cerebellar white matter
NA 63.9433  64.6£2.5 NS
UBOs 52.843.3  64.6£2.5 <0.01

NA normal appearing, NS not significant, HYSA , UBOs unidentified
bright objects
?One case of optic glioma

Discussion

MT imaging offers tissue contrast depending on the
presence of restricted macromolecular protons [12].
These protons, although “invisible” in classic MR
sequences, indirectly affect image contrast by exchanging

longitudinal magnetization with free water protons [12, 13,
17, 18]. MT techniques preferentially saturate the restricted
protons by using either an on-resonance or off-resonance
radiofrequency prepulse since the latter have a broad
spectral line compared with free water protons [12, 13, 17,
18]. There is evidence that MT contrast in the brain is
mainly related to the presence of myelin since experimental
studies have demonstrated that the MT effect for myelin
water is much larger than for intra- or intercellular water
[19]. These techniques have been largely used for
evaluation of the myelination process and for the study
of demyelinating disorders [13, 17, 18, 20, 21]. As regards
phakomatoses, only tuberous sclerosis has been studied
using the MT technique. In this disorder, MTR abnor-
malities were not only detected in cortical tubers and
subependymal nodules but also in NA WM [22]. In the
present study, brain MTR was evaluated in a series of NF1
patients, and a low MTR was found in UBOs, suggesting
hypomyelination or abnormal myelin structure. Indeed,
abnormal myelin with fluid-filled vacuoles has been
histologically detected in UBOs [2]. Myelin abnormalities
are also found at the periphery of tumefactive multiple
sclerosis lesions, and MTR values reported in these areas in
a previous study are similar to those we found in WM
UBOs [23]. It is worth pointing out that in the previous
study, assessment of MTR was performed with the same
MR sequence we used in the present study [23]. Myelin
abnormalities in UBOs may also account for the high ADC
values assessed in DWI since pathologic processes that
alter tissue organization by changing the number and
permeability of barriers cause abnormal tissue diffusivity
[11].

An MTR lower than that of normal WM and chiasm was
also found in the one chiasmatic glioma evaluated in this
study. This finding is in agreement with previously
reported data demonstrating that gliomas, particularly
low-grade ones, have lower MTRs and higher ADCs
than normal WM [24, 25]. Moreover, the study of Pui et al.
[25], which focused on DWI and MT imaging to evaluate
solid brain tumors in a series of 37 pediatric patients,
demonstrated that ADC increased and MTR decreased with
lower tumor grade. Nevertheless, in a case report of an
1-year-old NF1 patient with optic nerve and chiasmatic
glioma, the reported ADC was not different from that of the
WM in a control group of children aged 9 months to 3 years
[26]. This absence of difference might have been rather
random because in this age range, ADC, which follows a
monoexponential function in the developing brain, still has
a high rate of change, and therefore high and low ADC
values may have been included for comparisons [27]. MT
techniques are more sensitive than conventional MR
sequences in detecting depleted or disordered myelination
[12, 21, 22]. Indeed, a low MTR has been reported in NA
WM in patients with multiple sclerosis and tuberous
sclerosis [21, 22]. Optic gliomas have lower MTR than
normal optic chiasm, which consists of myelinated WM



Table 2 Comparison of cerebrospinal fluid (CSF), white matter
(WM), grey matter (GM), intracranial brain tissue (IBT) volume,
and corpus callosum (CC) size between neurofibromatosis type 1
(NF1) patients and controls

Patients Controls p value
CSF volume (cm’®) 85.50+23.9 60.0+14.6 NS
Grey matter 850.7+42.9 611.2£92.1 <0.001
volume (cm?)
White matter 785.1+£85.2 622.5+108.7 <0.05
volume (cm?)
Intracranial brain 1635.9459.3 1233.8+¢155.9 <0.001
tissue volume (cm?)
Corpus callosum size (cm?) 809.1+62.8 652.5£52.6  <0.005

NS not significant

fibers [25, 26]. A low MTR before the detection of signal
abnormalities and optic chiasm enlargement on conven-
tional MR sequences might be a useful marker of pending
optic glioma in NF1 patients. The MTR of optic glioma
was within the range of MTR values assessed in UBOs of
other WM areas. Further longitudinal studies are necessary
to establish the value of MTR in the differential diagnosis
between UBOs and neoplastic lesions.

The pathogenesis of NF has been related with inactivation
of a gene encoding for neurofibromin, which is a tumor
suppressor protein [28]. Experimental studies in NF1 mice
demonstrated that loss of neurofibromin results in abnormal
accumulation of oligodendrocyte progenitor cells [28].
Corroborating these findings, loss of neurofibromin may
also account for diffuse glial proliferation in the brain of
NF1 patients [2, 29]. Previous studies using DWI indicated
higher ADC values in NA brain tissue of NF1 patients
compared with corresponding areas in controls [4, 9, 10]. In
contrast, in the present study, there was no difference
between the MTR of NA brain tissue in NF1 patients and
that of corresponding areas in controls. The disagreement
between the present study and those using DWI probably
suggests that MT and DWI provide relatively independent
measures of NF1 abnormalities and that their combined use
might be of value in understanding the mechanisms
underlying clinical manifestations of the disease.

Macrocephaly, which occurs in up to 53% of patients
with NF1, has been associated with clinical and physical
severity while increased GMV has been related with
learning disability [5, 8, 30]. There is disagreement among

the few studies evaluating GMV and WMV in NF1 patients
as to which brain region is abnormally increased [5, 7, §].
Increase in the WMV has been reported in two studies, one
of which demonstrated a tendency for GMV to be greater in
macrocephalic NF1 patients than in controls [7, 8]. A third
study showed that children with NF1 have larger GMV
than healthy controls, and this difference persisted even
when patients with optic glioma were excluded from the
analysis [5]. Differences in the population under study and
in MR sequence and segmentation technique used for
GMV and WMV evaluation may have been partly
responsible for this dissimilarity. All patients included in
the present study had significantly larger GMV, WMV, and
IBT volume compared with controls, suggesting that
macrocephaly is due to megencephaly. Moreover, in
agreement with previous studies, we found a larger CC
surface area in patients than in controls [5, 31].

Although the pathogenesis of macrocephaly in NF1
remains uncertain, an anomaly of the normal developmen-
tal process of myelination seems to be the most attractive
theory at present [5, 7, 31]. The myelin sheath, which is
wrapped in spiral fashion around the axon, consists of
modified extensions of oligodendroglial cell processes
[32]. Experimental studies have demonstrated in the spinal
cord of NFI mice dramatically increased numbers of CNS
oligodendrocyte progenitor cells, which have the ability to
form oligodendrocytes after in vivo transplantation [24].
Accordingly, increased numbers of oligodendrocyte pro-
genitor cells or even of oligodendrocytes in the GM and
WM of NF1 patients might be suggested as an underlying
cause for megencephaly. Another possible mechanism for
increased brain volume in NF1 patients might be a lack of
axonal elimination due to a defective mechanism of
apoptosis [30]. Indeed, activation of Ras proteins, which
protect some cells from apoptosis, is regulated by
neurofibromin [33, 34]. If apoptotic axonal elimination
occurs in humans as it does in rhesus monkeys,
neurofibromin might be responsible for megencephaly in
NF1 patients by regulating the Ras pathway [35].

A potential limitation of the study is that the slice
thickness of the axial T2-weighted sequence was not
optimum for volumetric assessment.

To conclude, macrocepahly in NF1 patients is due to
megencephaly. MT techniques, by detecting low MTR in
UBOs and optic chiasm gliomas, may be useful in the
diagnostic workup of NF1 patients.
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